Introduction
In natural ecosystems where the bulk of the total soil N is present in organic form, the important processes of the N cycle are Nz-fixation , ammonification, nitrification, uptake by plants and immobilization by microorganisms, denitrification and leaching of nitrate (Campbell, 1978; Harris, 1988; Jansson and Persson, 1982; Schmidt, 1982) . In soils of the temperate regions pH, temperature, substrate availability, and aeration are essential factors influencing the process of nitrification. In general, nitrification takes place within more limited pH, moisture and temperature ranges than ammonification (Schmidt, 1982) , but nitrification may still occur at relatively low temperatures and also in acid soils (e.g. Davy and Taylor, 1974; Gerlach, 1973; Runge, 1983) . No relationship could be established between pH and potential net nitrification in forest soils (Robertson, 1982) and in some of these soils nitrate production was observed to occur at a pH as low as 3.
Most heathlands in the Netherlands are located on the acid, nutrient-poor, podzolic sandy soils in the central and eastern part. As to the nitrogen dynamics of these heathland soils, the occurrence of nitrification is of interest from the point of view that (1) in addition to ammonium, nitrate may be utilized by the heathland vegetation as a nitrogen source; (2) in contrast to ammonium, nitrate may be lost from the system due to leaching and/or denitrification; and (3) nitrification may contribute to the overall process of soil acidification. The last point may be of particular importance in the Netherlands, where atmospheric deposition rates of ammonium have dramatically increased over the past decades due to an explosive rise of intensive animal husbandry. It has been demonstrated that nitrification of atmospheric ammonium is an important process of soil acidification in Dutch forest soils (Van Breemen et al., 1982) . The increase of atmospheric input of mineral N is also believed to affect the composition of the heathland vegetation, i.e. conditions of increased nitrogen availability may favour the transition from a dwarfshrub-dominated heathland vegetation into a vegetation dominated by grasses (Heil and Diemont, 1983) . Under these conditions also net nitrate production may have become more important.
However, information on nitrification rates in acid heathland soils is rather scanty and most studies emphasize the role of ammonium as the main product of nitrogen mineralization (Lache, 1976; Roz6, 1988; Vonk, 1988) . In previous studies (De Boer et al., 1988 ; S.R. Troelstra, unpublished data) it was found that unfertilized grass-dominated (Deschampsia flexuosa) and dwarf-shrub-dominated sites (Calluna vulgaris) at one heathland location (Hoorneboeg) showed hardly any net nitrate production. It was therefore decided to carry out a survey of a large number of heathland locations in the Netherlands with the objective to assess ranges of rates of N mineralization and nitrification in heathland soils, thereby distinguishing between sites dominated by grasses (Deschampsia flexuosa or Molinia caerulea) and sites dominated by dwarfshrubs (Calluna vulgaris or Erica tetralix). The present paper deals with general soil characteristics and nitrification in undisturbed soil cores, whereas an accompanying study (De Boer et al., submitted) will focus on characteristics of N transformations in the humus (FH) layer of these soils.
Materials and methods

Locations and sampling procedures
Seventeen heathland locations were selected in the central and eastern part of the Netherlands (Fig. 1 (n--10). Samples were always collected from a representative area of 50-100 m 2. Four successive layers were sampled, viz. 0-5 (FH included), 5-10, 10-15, and 15-25 cm, and samples were composited per site and per layer for the analysis of general site characteristics. After drying (35°C) for at least one week and sieving (2 mm screen), bulk samples were mechanically subdivided (Retsch subsampler type PTZ) and part of the sample was ground in a mortar mill. Analyses were done as required on either ground or unground samples (e.g. pH and total N were determined on unground and ground samples, respectively). Separate samples were taken in duplicate for the determination of moisture and pH on fresh material. In addition, per site intact 0-10 cm soil cores were collected in duplicate for determination of initial mineral N concentrations (core diameter 1.3 cm) and in 5-fold for incubation in the laboratory (core diameter 3 cm). Samples for the determination of initial mineral N concentrations were collected in pre-weighed bottles, transported in an insulated container to the laboratory, and freshly analyzed without any further pretreatment; samples were kept at 4°C until analysis.
Incubation experiment
Intact 0-10 cm cores were put in polypropylene centrifuge tubes, transported to the laboratory in an insulated container, and incubated aerobically at 20°C without adjustment of the moisture content for a total period of 100 days. Cores were incubated on the same day as sampled and tubes were stoppered in such a way that water loss was minimized but gas exchange could occur via a nylon gauze (20/xm) held in place by an open inner lid and covered by a (with side openings) perforated outer lid. A reservoir with deionized water at the bottom of the incubator ensured a high relative humidity. Following the incubation, the complete cores were extracted with 2 M KCI (soil:solution ratio 1:5) and the extracts analyzed for nitrate and ammonium. Net mineralization/nitrification was calculated by subtracting the amount of mineral N present initially. 181 
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Analytical techniques
The pH was measured in 1:2.5 (dry) soil:water suspensions, except for the 0-5 cm depth where a 1:5 ratio worked more conveniently. The moisture content was determined as weight loss after overnight drying at 105°C. Organic C was determined using a modified Mebius procedure (Nelson and Sommers, 1982) . Total N and total P were measured colorimetrically following digestion with a mixture of HzSO4-Se and salicylic acid (Novozamsky et al., 1984) . Total organic P was determined by means of an ignition method (Saunders and Williams, 1955) . Olsen P and labile organic P were determined in 0.5M NaHCO 3 extracts (w/v 1:20; Bowman and Cole, 1978; Olsen et al., 1954; Watanabe and Olsen, 1965) . In addition to Olsen P, two other procedures for 'available P' were applied on a limited number of samples (0-5 cm depth only): Bray P and P-water (Houba et al., 1985) . Exchangeable K, Na, and Mg were measured in neutral 1 M ammonium acetate extracts (w/v 1:25) by atomic absorption spectrophotometry. Exchangeable A1 was determined in 1 M KCI extracts. Extractable Fe and A1 were measured by extraction with ammonium oxalate/oxalic acid at pH 3 (Houba et al., 1985) . Fe and AI in the extracts were determined by atomic absorption and by a colorimetric procedure using haematoxylin (Dalai, 1972) , respectively. Ammonium and nitrate concentrations in 2 M KCI extracts were determined on a Technicon autoanalyzer.
Only in some instances, results are expressed on a dry weight basis. As the expression of the results on a soil volume basis is preferred from an ecological point of view, bulk density estimates were used to express parameters in terms of a standard volume (per L of soil) or on an areal basis (per m2).
Statistical analyses
Soil layers originating from the same cores are dependent on each other and data were, therefore, always analyzed per depth increment in a one-way analysis of variance with dominant plant 
Na
species as factor and locations as replicates. If necessary, log or sqrt transformations were applied to data sets to establish homogeneity of variances. Tukey's test was used at the 5% probability level to identify significant differences among means. Analyses of variance, correlations and regressions were performed using STATISTIX (Anon. 1987) or SPSS (Norusis 1986) procedures.
Results
General soil characteristics of heathlands
General soil characteristics of the 0-5 cm layer (FH included) of individual sites are presented in Table 1 . Data for the 0-25 cm depth were per dominant plant species averaged and are given in Table 2 .
The pH showed per depth no significant differences among means. Acidity range in the top layer was from pH 3.5 to 4.6 (mean 3.9-4.0) and values increased slightly at greater depths; generally, the pH of field-moist samples was 0.1-0.2 units higher (not shown). Mean values of organic C and total N were per layer not significantly different for the habitats of the 4 plant species, but ranges could be fairly wide, organic C in the top layer in particular. Although not significantly different, organic C values were relatively high at the generally wetter sites of Erica and Molinia. A difference was observed for the mean C/N ratio in the 0-5 cm depth, with values of Erica sites (C/N = 29.3) significantly higher than those of Deschampsia (C/N---25.2) or Molinia sites (C/N = 24.4). Mean C/N ratios were relatively constant at greater depths with an overall range of 27.1-32.6.
Total phosphorus contents showed considerable variation, especially at Deschampsia sites, and differences were found to be significant for the 0-5 and 5-10cm depths: higher means at Deschampsia sites for, respectively, these two depths (176 and 167 mg P L -~) than at Molinia sites (69 and 63mg P L-l). Most of the P at these heathland sites is organically bound and total organic P values (not shown) often amounted to more than 95% of total P. Whereas available inorganic P (Olsen P) did not differ significantly among the habitats of the 4 dominant plant species, mean values of labile organic P were clearly higher at Deschampsia sites (37.5 and 43.4mg P L -~ for 0-5 and 5-10cm depth, respectively) and differed significantly from Erica sites (18.2 mg P L -1) in the 0-5 cm layer, and from all three other sites (14.7-18.9 mg P L -~) in the 5-10cm depth. We preferred the Olsen-P extraction as a measure for available inorganic P, because it allows the simultaneous determination of the labile organic P fraction. However, since the Olsen-P extraction was originally developed for calcareous soils, two other extraction procedures were also run on the 0-5 cm layer samples. A highly significant correlation was found between Olsen P and Bray P (Table 3) , both methods extracting essentially similar amounts of soil P. The P-water method also extracted roughly similar amounts of P, but relatively more at the lower values for Olsen P and Bray P, causing the correlations between P-water and Olsen P or Bray P to be only slightly less significant (Table 3) .
Exchangeable cation levels of the sites were generally not significantly different among plant species. Oxalate extractable amounts of Fe and A1 were roughly the same among the species and increased with depth (data not shown); observed ranges (for the 0-5 and 15-25 cm depths, respectively) were 10-16 and 25-41 mmol Fe L -~, and 18-24 and 63-95 mmol AI L -~. K, Ca and Mg concentrations were highest in the top 5-cm. Exchangeable AI was significantly and negatively correlated with pH in all depths (R-values of -0.44, -0.42, -0.44, and -0.57 for 0-5, 5-10, 10-15, and 15-25cm, respectively; P < 0 . 0 0 1 -0.01), but concentrations (as was the case with oxalate extractable AI) increased down the profile with a slight increase in pH.
The soil moisture content at sampling varied considerably among sites, although not significantly among plant species (Table 4) . However, the generally wetter condition of Erica and Molinia sites was evident: on average 56 per cent soil water compared to 39 per cent for Calluna and Deschampsia sites ( In situ mineral N concentrations; net nitrogen mineralization and nitrification in undisturbed soil cores
Determinations of initial mineral nitrogen revealed distinctly higher ammonium-N concentrations than nitrate-N concentrations at almost all sites, in particular at the dwarf-shrub sites, ammonium concentrations becoming excessively high in the absence of a vigorous vegetation (Table 4 ; sites with degenerating plants); the one exception with initially more nitrate-N than ammonium-N was the Molinia site at Reemsterveld. Mean nitrate concentrations at sampling were 5-to 10-fold higher at sites dominated by grasses than at those dominated by dwarf-shrubs (Table   4 ).
In the undisturbed 0-10cm cores after the 100-day-incubation period always more ammonium-N than nitrate-N was produced and the presence of a dead or degenerating vegetation did not affect net mineralization or nitrification rates (Table 4) . Mean net nitrogen mineralization rates were approximately equal for Calluna, -2 Erica, and Molinia sites (0.5-0.6g N m week -~) and significantly lower than those ob--2 served for Deschampsia sites (0.8g N m week-l). A same picture emerged for net nitrate production: rates of 0.04-0.08g nitrate-N m -2 week-~ for Calluna, Erica and Molinia sites, and a (significantly higher) rate of 0.16 g nitrate-N m -2 week i for Deschampsia sites. Net mineralization expressed as percentage of total N amounted to approximately 4.0% for the Calluna, Erica, and Molinia locations and 6.0% for Deschampsia sites; nitrification expressed as percentage of total N mineralization was extremely variable among and within plant species (2-29%) with the mean percentage for Deschampsia sites (20%) significantly higher than that for Erica sites (7%). Table 5 presents a correlation matrix for most of the soil properties listed in Tables 1, 2 and 4, but now all parameters refer to the 0-10cm depth (FH-layer included). For pH the arithmetic average of the 0-5 and 5-10 cm field-moist samples (i.e. not sieved or dried) was used. The first column shows the correlation of the observed net nitrate production in the laboratory with the other measured soil variables. Nitrification was significantly correlated with net mineralization (P < 0.001), initial nitrate-N (P < 0.001), moisture (P<0.05), phosphate parameters (P < 0.001-0.01), and exchangeable AI ( P < 0.01), and not with pH, total N and C/N ratio.
Correlations and regressions
A simple regression with N mineralization as independent explanatory variable predicted the nitrification with an adjusted R 2 of 0.47 ( P < 0.001; Table 6 ). In order to find the best predictive equation for the observed net nitrification in undisturbed soil cores, an all possible subset regression analysis (Anon., 1987) was used. Regressions were run with the following variables: net mineralization, initial nitrate-N, labile organic P, pH, moisture, C/N ratio, and exchangeable Al. Moisture, C/N ratio and exchangeable AI did not significantly contribute to the predictions and the best prediction was obtained with a multiple regression equation using the remaining four variables (adjusted R 2 of 0.75; Table 6 ). It should be noted that, although not significantly intercorrelated (Table 5) , pH contributed significantly to the multiple regression prediction of the net nitrate production (Table 6) .
Discussion
The inventory analysis of a large number of soil properties over a range of heathland locations in the Netherlands revealed only slight differences among sites with different dominant plant species. The major differences observed were in soil P status, i.e. relatively high values for total P and labile organic P at Deschampsia sites, and in the available mineral N pool, i.e. on average higher nitrate-N concentrations at the grassdominated sites. The available-P analyses indicated that the bicarbonate extraction can equally well be applied to these acid heathland soils, which is in agreement with results of Walmsley and Cornforth (1973) , who demonstrated the general value of this method for a very wide range of soil conditions. The pH range found for the 0-5 cm layer was the same as reported for the FH-layer (De Boer et al., 1990) and both data sets were highly correlated (R--0.76; soil/ solution ratio in both cases 1:5). Mean C / N ratios tended to be slightly lower in the top 5-cm, especially at the grass locations; considerably lower ratios were determined in the FH-layer: 19.0-23.4 (De Boer et al., 1990) . Total N and total P amounts reported for the FH + mineral 10-cm layer of another Erica/Molinia location in the Netherlands (198-224 g N m -2 and 69-85 mg P L 1., calculated from Berendse et al., 1987) fell within the ranges given here for these properties, total P being at the low end. In situ mineral N concentrations given by Berendse et al. (1987) for the 0-30 cm depth of the same Erica/Molinia location were of comparable order of magnitude with the present results: 0.5-3.2 g ammonium-N -2 -2 m and 0-0.6 g nitrate-N m The present study clearly indicates that the occurrence of nitrate and nitrification is a widespread phenomenon in Dutch heathland soils, representing rather wide ranges among all four investigated dominant plant species. Although at 6 out of 41 sites (3 with Erica, 2 with Calluna, and 1 with Molinia; Table 4) no nitrate was initially measured, all sites demonstrated a net Nitrification in heathland soils 187 production of nitrate after the incubation of intact soil cores for 100 days at 20°C. Nitrate formation in acid soils, although often proceeding at a low rate, has been reported to occur in many acid forest soils (Gerlach, 1973; Robertson, 1982; Pastor et al., 1984) . However, to what extent autotrophic and/or heterotrophic nitrifier populations are involved in the process of nitrification in these soils is still largely a matter of debate. Evidence is recently accumulating that much or all of the putative heterotrophic nitrification observed in acid heathland soils (e.g. Van de Dijk and Troelstra, 1980) should in fact be classified as autotrophic (De Boer et al., 1988; 1989; 1990) . Apart from temperature and moisture, the following factors may control rates of nitrification in acid soils Robertson, 1982; Vitousek and Matson, 1985; White and Gosz, 1987) : (1) availability of ammonium; (2) availability of other nutrients, e.g. P; (3) low pH; (4) size and diversity of the nitrifier population; and (5) organic substrate quality (available C, allelochemical inhibitors). Ammonium-limited nitrification seems not very likely during the laboratory incubation of soil cores from these heathland sites because ammonification rates were much higher than nitrification rates (Table 4) . Highest N mineralization rates, also in terms of total-N percentage, were observed at Deschampsia sites, suggesting highest N turnover rates at sites dominated by this grass species. Berendse et al. (1987) , using an incubation procedure in the field during 2 successive years, found N miner--2 -1 alization rates of 10-13 g N m year at the Molinia/Erica location mentioned above, which corresponds with an average weekly rate (on a yearly basis) of 190-250 mg N m -2 week ~. Such a rate must be considered as greatly underestimated in comparison with our more or less optimum laboratory results, but the qualitative agreement is nevertheless obvious. Unpublished inoculation experiments with good nitrifying soil performed in our laboratory have provided proof for very low densities of nitrifiers as the cause for the very low nitrification rates observed at the Hoorneboeg location (Table 4 ). The general soil characteristics listed in Tables 1 and 2 and also unpublished incubation experiments performed (175) 1526 (447) 37 (32) 508 (462) 75 (72) SE 4 (5) 20 (30) 641 (141) 14 (17) 62 (97) 17 (24) Erica sites Table 6 . Regression coefficients and coefficients of determination (R 2) for relationships between mean net nitrification and net mineralization rates (rag m 2 week ]) in undisturbed soil cores in the laboratory at 20°C (n = 41), (a) without and (b) with some other selected variables. All properties refer to the 0-10 cm depth (FH layer included) in our laboratory with P additions have not provided any indication of nutrient limitation affecting nitrification rates at these heathland locations. De Boer et al. (1990) suggested that an insufficient oxygen diffusion might be the cause of low numbers of nitrifiers and consequently of low nitrification rates at the extremely wet Erica and Molinia sites.
Rates of net nitrate production observed in sieved humus samples (De Boer et al., 1990) were quantitatively in good agreement with those found in the present study for intact 0-10 cm cores (Fig. 2) , which supports the idea that nitrification in heathland soils is mainly restricted to the FH-layer. Similarly, maximum nitrification has been reported to occur in the litter layer of an acid forest soil (Clays-Josserand et al., 1988) . Deviations from the 1 : 1 line in Fig.  2 may be largely explained by differences in (1) pretreatment, i.e. sieved compared to undisturbed soil; (2) incubation period, i.e. 28 compared to 100 days; and, although probably of minor influence, (3) start of the incubation after sampling, i.e. on the same day compared to 14 days after sampling.
Net nitrate production appeared to be highly significantly and positively correlated with initial nitrate-N, N mineralization, and labile organic P. The correlation with initial nitrate is conceivable and the coupling between nitrification and Nmineralization has previously been noted (De Boer et al., 1988; Kreitinger et al., 1985) . This coupling between mineralization and nitrification may in part be associated with microsites with an ammonification-induced increase in pH (Over- rein, 1967), rather than to an increased availability of ammonium (Robertson, 1982; Vitousek et al., 1982) . The correlation with the labile organic P content suggests a causality, which cannot easily be explained. Undescribed incubation experiments with P additions have not provided any indication of P limitation in a heathland soil (Hoorneboeg) that was low in both labile organic P and rate of nitrate production. A possible explanation may be found in a coupling between mineralization/nitrification and the labile organic P pool via microbial P. Srivasta and Singh (1988) have clearly i n d i c a t e d positive relationships b e t w e e n P in the m i c r o b i a l biomass and b i c a r b o n a t e e x t r a c t a b l e inorganic P ( O l s e n P). Labile organic P is m e a s u r e d in the s a m e extract and this p a r a m e t e r m a y even r e p r e s e n t a b e t t e r index for microbial P. Using an in situ b u r i e d p o l y e t h y l e n e bag technique in forest soils, P a s t o r et al. (1984) found that b o t h nitrogen m i n e r a l i z a t i o n and nitrification in w e l l -d e v e l o p e d humus layers were highly c o r r e l a t e d with humus P content. H o w e v e r , their study r e f e r r e d to a species r e p l a c e m e n t series along a mineralization-textural gradient, and increases in humus P content and N m i n e r a l i z a t i o n were p r o b a b l y the (in)direct c o n s e q u e n c e of differences in soil moisture status and litter quality along this gradient ( P a s t o r et al., 1984) . On the o t h e r hand, they c o n c l u d e d that P O 4 -P supply might be an imp o r t a n t r e g u l a t o r of nitrification in spring and early s u m m e r in soils with w e l l -d e v e l o p e d humus layers ( P a s t o r et al., 1984) . A r e m a r k a b l e result of the p r e s e n t investigation was the b e t t e r correlation of nitrification with labile organic P than with either Olsen P or total b i c a r b o n a t e P ( T a b l e 5). The labile organic P pool might be positively c o r r e l a t e d with microbial biomass, and thus m o r e or less r e p r e s e n t an index for the biological activity (or the potential m i n e r a l i z a t i o n / n i t r i f ying capacity) of a particular site.
